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Abstrat
Pariser-Parr-Pople (P-P-P) model Hamiltonian has been used extensively over the
years to perform alulations of eletroni struture and optial properties of pi-
onjugated systems suessfully. In spite of tremendous suesses of ab initio theory
of eletroni struture of large systems, the P-P-P model ontinues to be a popular
one beause of a reent resurgene in interest in the physis of pi-onjugated polymers,
fullerenes and other arbon based materials. In this paper, we desribe a Fortran 90
omputer program developed by us, whih uses P-P-P model Hamiltonian to not only
solve Hartree-Fok (HF) equation for losed- and open-shell systems, but also for
performing orrelation alulations at the level of single onguration interations
(SCI) for moleular systems. Moreover, the ode is apable of omputing linear
optial absorption spetrum at various levels, suh as, tight binding (TB) Hükel
model, HF, SCI, and also of alulating the band struture using the Hükel model.
The ode also allows the user to solve the HF equation in the presene of nite
external eletri eld, thus, permitting alulations of quantities suh as stati
polarizabilities and eletro-absorption spetra. Additionally, it an perform transformation
of P-P-P model Hamiltonian from the atomi orbital (AO) representation (also alled
site representation) to the moleular orbital (MO) one, so that the transformed
matrix elements an be used for high level post-HF alulations, suh as, full CI
(FCI), quadruple CI (QCI), and multi-referene singles-doubles CI (MRSDCI). We
demonstrate the apabilities of our ode by performing alulations of various properties
on onjugated systems suh as trans-polyaetylene (t-PA), poly-para-phenylene (PPP),
poly-para-phenylene-vinylene (PPV), oligo-aenes, and graphene nanodisks.
Key words: Hartree-Fo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h
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Program Summary
Title of program: ppp.x
Catalogue Identier:
Program summary URL:
Program obtainable from: CPC Program Library, Queen's University of Belfast,
N. Ireland
Distribution format: tar.gz
Computers : PC's/Linux
Linux Distribution: Code was developed and tested on various reent versions
of Fedora inluding Fedora 11 (kernel version 2.6.29.4-167)
Programming language used: Fortran 90
Compilers used: Program has been tested with Intel Fortran Compiler (non-
ommerial version 11.1) and gfortran ompiler (g version 4.4.0) with opti-
mization option -O.
Libraries needed: This program needs to link with LAPACK/BLAS libraries
ompiled with the same ompiler as the program. For the Intel Fortran Com-
piler we used the ACML library version 4.3.0, while for gfortran ompiler we
used the libraries supplied with the Fedora distribution.
Number of bytes in distributed program, inluding test data, et.: size of the
tar le ...... bytes
Number of lines in distributed program, inluding test data, et.: lines in the
tar le .......
Card punhing ode: ASCII
Nature of physial problem: The problem of interest at hand is the eletroni
struture of π-onjugated systems. For suh systems, the eetive π-eletron
P-P-P semi-empirial model Hamiltonian proposed by Pariser, Parr, and Pople
oers an attrative alternative as ompared to the ab initio approahes. The
present program an solve the HF equations for both open- and losed-shell
systems within the P-P-P model. Moreover, it an also inlude eletron or-
relation eets at the singles CI level. Along with the wave funtions and
energies, various properties suh as linear absorption spetra an also be om-
puted.
Method of Solution: The single-partile HF orbitals of a π-onjugated system
are expressed as linear ombinations of the pz-orbitals of individual atoms
(assuming that the system is in the xy-plane). Then using the hopping and
Coulomb parameters presribed for the P-P-P method, the HF integro-dierential
equations are transformed into a matrix eigenvalue problem. Thereby, its solu-
tions are obtained in a self-onsistent manner, using the iterative diagonalizing
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tehnique. The HF orbitals thus obtained an be used to perform a variety of
alulations suh as the SCI, linear optial absorption spetrum, polarizabilty,
eletro-absorption spetrum, et.
Running Time: The examples provided eah only take a few seonds to run.
For a large moleule or a polymer, however, the run time may be a few min-
utes.
Unusual features of the program: None
1 Introdution
The studies of eletroni struture and optial properties of π-onjugated sys-
tems have fasinated physiists and hemists alike for a long time[1,2℄, be-
ause of their possible appliations in opto-eletroni devies suh as OLEDs,
OFETs, organi lasers, solar ells, et[3℄. Ever sine graphene and its nano-
strutures suh as graphene nano-ribbons, nano-disks, et. have been synthesized[4℄,
interest in the study of π-onjugated systems has multiplied many folds[5℄.
In the 1950's, Pariser, Parr, and Pople proposed a simple model whih inor-
porates the essential physis of orrelated onjugated systems in a very elegant
manner[6℄. In this model only π-eletrons are onsidered expliitly, while the
eet of σ-eletrons is inluded in an impliit manner in terms of various pa-
rameters. Moreover, long range eletron-eletron interations are taken into
aount by means of suitable Coulomb parameters. Thus, one redues the
number of degrees of freedom involved in the underlying Shrödinger equa-
tion onsiderably. Beause of the lak of large sale omputational failities
during the 1950's suh an approah was unavoidable even for relatively small
moleules suh as benzene. However, the remarkable fat is that in spite of
so many approximations involved, P-P-P model based alulations were ex-
tremely suessful in desribing the eletroni struture, in general, and the
optial properties of suh systems, in partiular[2℄.
Now, the question arises that in the present times, when omputational power
has grown by orders of magnitude as ompared to those in 1950's, why should
one be still interested in using the P-P-P model, partiularly, when so many
sophistiated ab initio eletroni struture programs are available. In our opin-
ion there are two main reasons behind the ontinued use of the P-P-P model
at present: (a) One gets to understand the eletroni and optial properties
of suh systems within a rather simplied piture, in terms of the dynamis
of the π-eletrons, (b) Ever sine the revival of interest in the π-onjugated
polymers beause of their possible appliations in opto-eletronis, the size
of the systems being investigated these days is beoming quite large onsist-
ing of hundreds of atoms, pendant side groups, and terminal funtionalities.
Therefore, simultaneous high quality ab initio desription of both the ground
4
and the exited states of suh systems (needed to desribe their linear and
nonlinear optial properties) is virtually impossible. While, the P-P-P model,
with its redued degrees of freedom, allows one to ompute low-lying exited
states of rather large systems using the present omputational apaities.
Indeed a large number of alulations on various onjugated systems have
been performed in last several years using the P-P-P model Hamiltonian
with a great deal of suess[1,7,8,9,10,11,12,13℄. In our own group and with
our ollaborators, we have performed several alulations on systems as di-
verse as phenyl disubstituted polyaetylenes (PDPAs)[14,15,16,17,18,19,20℄,
PPVs[21,22,23℄, and oligo-aenes[24,25,26℄. In all the afore-mentioned works
the HF alulations and the transformation of the Hamiltonian from the AO
to the MO representation were performed using a Fortran 77 ode, developed
earlier in our group[27℄. However, the ode in question laked the apability
of performing unrestrited Hartree-Fok (UHF) alulations, and thus, was
limited only to losed-shell systems. Moreover, Fortran 77 language did not
allow dynami memory alloation, resulting in a dependene on ompile-time
dimensional parameters. Therefore, we have rewritten the ode in a modern
programming language, namely, Fortran 90, whih allows it to utilize dynami
memory alloation, thereby freeing it from various array limits, and resultant
artiial restritions on the size of the moleules. Thus our program an be
used on a given omputer until all its available memory is exhausted. The
present omputer program an perform restrited Hartree-Fok (RHF) alu-
lations on losed-shell systems, as well as unrestrited-Hartree-Fok (UHF)
alulations on open-shell systems. Moreover, like the earlier version of the
ode[27℄, it an also arry out orrelation alulations at the level of singles
onguration interations (SCI) for moleular systems. Additionally, the ode
is apable of omputing optial spetrum at various levels, suh as, TB, HF,
and SCI, and also of alulating the band struture using Hükel model. The
program also allows user to solve HF equation in the presene of an exter-
nal eletri eld, thus, permitting alulation of dieletri polarizabilities and
eletro-absorption spetrum of onjugated moleules. Additionally, it an per-
form transformation of P-P-P model Hamiltonian from the AO representation
(site representation) to the MO one, so that the results an be used for high
level post HF orrelated alulations, suh as, full CI (FCI), quadruple CI
(QCI), and multi-referene singles-doubles CI (MRSDCI). The other features
of the ode inlude the harge density analysis and the moleular orbital anal-
ysis. Apart from desribing the omputer program, we also present several of
its appliations whih inlude various examples for t-PA, PPP, PPV, aenes,
and graphene nanodisks.
The remainder of the paper is organized as follows. In setion 2 we briey
review the theory assoiated with the P-P-P model Hamiltonian. Next, in
setion 3 we disuss the general struture of our omputer program, and also
desribe its onstituent subroutines. In setion 4 we briey desribe how to
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install the program on a given omputer system, and to prepare the input
les. Results of various example alulations using our program are presented
and disussed in setion 5. Finally, in setion 6, we present our onlusions,
as well as disuss possible future diretions.
2 Theory
In this setion we briey review the theory assoiated with the P-P-P model
Hamiltonian and provide the neessary HF equations within the basis set
approah.
2.1 Hamiltonian
The P-P-P Hamiltonian an be written as
HPPP =
∑
i,σ
ǫic
†
iσciσ +
∑
〈ij〉,σ
tij(c
†
iσcjσ + c
†
jσciσ) + U
∑
i
ni↑ni↓
+
∑
i<j
Vij(ni − 1)(nj − 1) , (1)
where ǫi represents the site energy assoiated with the ith atom, 〈ij〉 implies
nearest neighbors, c†iσ reates an eletron of spin σ on the pz orbital of arbon
atom i (assuming that the system is lying in the xy-plane), niσ = c
†
iσciσ is
the number of eletrons with spin σ, and ni = Σσniσ is the total number
of eletrons on atom i. The parameters U and Vij are the on-site and long-
range Coulomb interations, respetively, while tij is the nearest-neighbor one-
eletron hopping matrix element.
The partiular forms of the parameters U and Vij determine the spei vari-
ants of the P-P-P model Hamiltonian[7℄. For U 6= 0, and Vij = 0, the model
beomes the Hubbard Hamiltonian, while for U 6= 0, and V1 6= 0, but all
Vij = 0, we obtain the extended Hubbard model. Choosing for the long-range
Vij the form
Vij =
U[
1 +
(
Rij
r0
)2]1/2 , (2)
with U and r0 tted to data gives the Ohno variant[28℄ of the P-P-P model,
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whereas taking
Vij =
U[
1 +
(
Rij
r0
)] , (3)
gives the Mataga-Nishimoto variant[29℄. In exponential variant[30℄, Vij takes
the following form
Vij = U exp
(
−
Rij
r0
)
, (4)
In above Eqs.(2, 3, 4), Rij = |ri − rj | is the distane between sites i and j in
Å, while r0 is some parameter in the same units.
In this work, we report alulations based upon the Ohno parametrization of
the P-P-P model mentioned above (f. Eq.2). Moreover, to aount for the
inter-hain sreening eets we use a slightly modied form introdued by
Chandross and Mazumdar[31℄,
Vij = U/κij(1 + 0.6117R
2
ij)
1/2
, (5)
where κij depits the dieletri onstant of the system whih an simulate the
eets of sreening and Rij is dened above. In various alulations performed
on phenylene-based onjugated polymers inluding PDPAs[14,15,16,17,18,19,22,23℄,
it was notied that sreened parameters with U = 8.0 eV and κii = 1.0, and
κij = 2.0, otherwise, proposed by Chandross and Mazumdar[31℄, lead to muh
better agreement with the experiments, as ompared to the standard param-
eters with U = 11.13 eV and κi,j = 1.0, proposed originally by Ohno. In the
present ode we provide the user with the freedom to hoose these standard,
sreened, or any other user dened parameters for the Coulomb interations.
In order to alulate stati polarizabilities, one an solve the HF equations in
the presene of an external stati eletri eld. Thus, we have modied Eq.(1)
under the eletri dipole approximation by introduing the orresponding term
ontaining the uniform eletri eld E. The overall Hamiltonian of the system
is then given by
HefieldPPP = HPPP − µ.E = HPPP + |e|E.r , (6)
where HPPP is the unperturbed Hamiltonian that desribes the system in the
absene of the eletri eld, e represents the eletroni harge, µ = −er, is
the dipole operator, and r is the positive operator.
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2.2 UHF equations
Now we desribe our formulation for the UHF method. The orresponding
RHF equations an be easily dedued from them. As per the assumptions of
the UHF method, we assume that the µ-th up- and down-spin orbitals are
distint, and are represented (say) as ψ(α)µ and ψ
(β)
µ , respetively. We assume
that these orbitals an be written as a linear ombination of a nite-basis set
ψ(α)µ =
∑
i
C
(α)
iµ φi, (7)
where φi's represent the pz-orbitals in question, and the determination of the
unknown oeients C
(α)
iµ amounts to the solution of the UHF equations. It
is further assumed that the φi orbitals form an orthonormal basis set. In the
equation above, we have only stated the expressions for the up-spin orbitals,
the ase of the down-spin orbitals an be easily dedued. We further assume
that the total number of up-/down-spin eletrons is Nα/Nβ, suh that Nα +
Nβ = Ne. Using the onjeture of Eq. (7) in onjuntion with the Hamiltonian
above, one obtains the so-alled Pople-Nesbet equations
∑
j
(F αij − ε
α
µ)C
(α)
jµ = 0, (8)
where ǫαµ is the UHF eigenvalue of the µ-th up-spin orbital, F
α
ij is the Fok
matrix for the up-spin eletrons dened by the equations
F αij = tij − P
α
ijVij, (i 6= j) (9)
F αii = ǫi −
∑
j 6=i
Vij +
∑
j
PjjVij − P
α
iiVii, (i = j) (10)
where ǫi, tij and Vij are dened above (f. Eq. 1), and P
α
ij and Pij, are the
up-spin and total density matrix elements, respetively, dened as
P αij =
Nα∑
µ=1
C
(α)∗
iµ C
(α)
jµ , (11)
and
Pij = P
α
ij + P
β
ij. (12)
One the Fok matrix is onstruted, one solves the eigenvalue problem for the
up-spin Fok matrix (f. Eq. 8) as well as the down-spin Fok matrix, using
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the iterative diagonalization tehnique, to ahieve self-onsisteny. From the
equations given above, it is easy to dedue the expressions for F βij , as well as
the Fok matrix elements for the RHF ase.
3 Desription of the Program
Our omputer ode onsists of the main program, and various subroutines, all
of whih have been written in Fortran 90 language. Additionally, the program
must link to the LAPACK/BLAS library, whose diagonalization routines are
used by our program.
Before we desribe various subroutines in detail, it is fruitful to disuss the
saling of the memory requirements, and the pu time (alulation time), with
the system size. If N is the number of sites (π orbitals) in the system, then
the memory requirements will roughly sale as N2, needed mainly for the
storage of the Fok matrix, and its eigenvetors. The putime, on the other
hand, will be dominated by the self-onsisteny iterations (the so-alled self-
onsistent eld (SCF) proess), whih onsists of onstrution of the Fok
matrix, and its diagonalization. The putime needed for the onstrution of
the Fok matrix sales as N2, while the diagonalization time exhibits N3
saling. Thus, we onlude that the dominant saling of the putime is N3,
with respet to the system size. For the open-shell systems, for whih the UHF
proedure is needed, the memory and pu time requirements will roughly be
twie as ompared to a losed shell system of similar size beause the UHF
proedure involves the onstrution and diagonalization of two Fok matries,
orresponding to the up, and the down spins.
Several moleules in nature are highly symmetri, and, therefore, in general,
it is fruitful to implement the point-group symmetries in eletroni-struture
odes like the present one. However, our ode does not make use of point-
group symmetries mainly beause the omputation time assoiated even for
large systems is really insigniant. Therefore, the programming eort re-
quired to implement various irreduible representations will simply outweigh
the rewards in terms of redued pu time. Moreover, the irreduible repre-
sentations assoiated with various orbitals and many-partile states an be
easily determined by examining the transition dipole moments among them,
in onjuntion with the dipole-seletion rules of various point groups. Next,
we briey desribe the main program, and eah of the subroutines of our ode.
9
3.1 Main program PPP
This is the main program of our pakage whih reads input data suh as
whih Hamiltonian to use, its parametrization, harge on the system, total
number of atoms in the unit ell, and their oordinates. The program also
reads in the options to perform various types of alulations suh as RHF,
UHF, SCI, optis, et. The option is also provided to perform HF alulations
in the presene of an external eletri eld, whih is speied by its Cartesian
omponents in the units of V/Å. The program an delete the atoms and al-
ulates the entities like total number of sites, eletrons and oupied orbitals.
It dynamially alloates various arrays, and then alls other subroutines to
aomplish the remainder of the alulations. Beause of the dynamial array
alloation, the user need not worry about various array sizes, as the program
will automatially terminate when it exhausts all the available memory on the
omputer.
3.2 Subroutine R_ATOM
This subroutine reads the oordinates of the atoms of a unit ell with respet
to its user speied origin. It an also generate oordinates of some important
strutural units suh as a bond, phenyl group (benzene), and even fullerene
(C60) to failitate an easy realization of the moleular system under onsider-
ation.
3.3 Subroutine BENPERP
This routine generates the oordinates of six arbon atoms forming the ben-
zene bakbone. The orientation is perpendiular to the onventional orienta-
tion. Note that the origin of the benzene skeleton is onsidered to be the enter
of the hexagonal ring. Rotations, if desired, are performed keeping the origin
xed. Positive angles are onsidered to be anti-lokwise, while the negative
angles are treated lokwise. Finally, the enter is translated to the loation
speied by the user. The plane in whih benzene loates is taken as a ard
(XY or YZ or ZX) in the input le.
3.4 Subroutine BENZEN
Similar to subroutine BENPERP, this routine also generates the oordinates of
six arbon atoms forming the benzene bakbone. This routine dier from the
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previous one in a way that it reates benzene ring in the orientation parallel
to the onventional orientation. One an also rotate and translate the ring,
and an also speify the plane in whih benzene ring lies.
3.5 Subroutine BOND
This routine generates a bond (2 arbon atoms). Center of the bond is taken
to be the origin and initially the bond is assumed to be along the x-axis.
Rotations, if desired, are performed keeping the origin xed. Positive angles
are onsidered for anti-lokwise rotation, while the negative angles are treated
for lokwise rotation. Finally, the enter is translated to the loation speied
by the user.
3.6 Subroutine STLINE
This subroutine also generates a bond, but with the rst atom of the bond at
the origin. Here, initially the bond is assumed to be along the x-axis. Opera-
tions like rotation and translation an also be performed.
3.7 Subroutine C60_GEN
This routine, whih is originally written by Dharamvir et al.[32℄, generates the
position oordinates of all 60 arbon atoms of the fullerene struture. Inputs
are two bond lengths, i.e., single and double bond lengths. This does not have
the standard orientation, but one with pentagons at top and bottom.
3.8 Subroutine R_SITE
If the moleule under onsideration onsists of translationally invariant units,
this routine generates the oordinates of all the π-eletron sites in the system
from the oordinates of origins of the referene unit ell and the translational
vetor of the lattie. At present this subroutine is restrited to periodiity only
in one dimension, thus, making it useful for polymers and their oligomers.
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3.9 Subroutine DELATM
This subroutine deletes the users speied atoms from the list ontaining all
the atomi oordinates.
3.10 Subroutine SYMSITE
This routine symmetries the oordinates of the atoms to plae the origin of
the moleule at the enter of mass of the moleule.
3.11 Subroutine PRINTR
This routine trunates the position oordinates to seven plaes to right of the
deimal and then prints out the oordinates of all the sites into the output
le. In addition, it also reates a le named as 'atomi_oord.xsf', whih an
be used as input le in XCrySDen[33℄ program, meant for visualizing the
moleular struture of the system under onsideration.
3.12 Subroutine MATEL
This is the master routine meant for generating the one-eletron (tij) and
two-eletron (Vij) matrix elements, with or without the eletri eld. This is
done based upon the data speied by the user in the input le suh as the
Hamiltonian under onsideration, Coulomb parameters to be used (if any),
hopping matrix elements onneting various sites, et.
3.13 Subroutine Tij_READB
This routine is meant for reading the hopping related input for the band
struture alulations using the TB model (Hükel model). It reads the unique
intraell, as well as interell, hopping matrix elements, and their onnetivities
from the input le. Note that an one dimensional tight-binding system with
only nearest-neighbor oupling is assumed. Thus, a given ell an only onnet
to at the most to two neighbors (one to the left and the other to the right).
For anything else the ode will have to be modied. Also one has to speify
the unit ell to whih it is onneted.
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3.14 Subroutine READ_EI
If there any site energies are, this routine reads them. In ase of more than one
unit ell, the routine also generates rest of the site energies using translational
invariane.
3.15 Subroutine Tij_READ
This subroutine reads the unique hopping matrix elements and their onne-
tivities from the input le. In ase the system onsists of more than one unit
ell, the routine also generates rest of the hoppings from translational invari-
ane.
3.16 Subroutine Tij_GEN
This routine is used in order to generate hopping automatially from the
information of bond distane and the orresponding hopping matrix elements.
The subroutine onsiders all pairs of sites in the moleule and if the distane
between them is equal to the user provided distane, it assigns to them the
user provided hopping matrix elements. This automates the generation of
hopping matrix elements to a great extent, thus, simplifying the input data.
This routine is invoked by the ard 'HOPGEN' in the input le.
3.17 Subroutine Vij_CAL
This subroutine omputes the long-range Coulomb matrix elements Vij (f.
Eqs. 2, 3, & 4) for the P-P-P model with three possible parametrization namely
Ohno, Mataga-Nishimoto, or exponential, depending upon the input provided.
In ase the hoie of Hamiltonian is the Hubbard or the extended Hubbard
model, the relevant Coulomb parameters U and/or V , are provided in the
input itself. In ase of RHF alulations, the routine an also alulate the
ontribution orresponding to the orrelation funtions, if suh a alulation
has been requested in the input le. For any hoie of a orrelated Hamiltonian,
orresponding interation matrix elements are stored in an array.
13
3.18 Subroutine BANDS
This is the subroutine whih performs the band struture alulations using
the Hükel model. In order to get the band struture, rst Fourier transforma-
tion of the hopping matrix elements is performed, and later the matrix is diag-
onalized using the subroutine ZHPEV from the LAPACK/BLAS library to ob-
tain the eigenvalues and eigenvetors. The eigenvalues of orresponding bands
are written in an ASCII le 'bands.dat' whih an be used for plotting the
bands using standard programs suh as xmgrae[34℄ or gnuplot[35℄. The eigen-
vetors are written in the binary format, in the le named 'bloh_orbitals.dat'.
3.19 Subroutine FOUTRA_TB
This subroutine omputes the Fourier transform of one dimensional nearest-
neighbor-interating tight-binding Hamiltonian. It is alled by subroutine BANDS,
disussed above.
3.20 Subroutine SCF_RHF
This subroutine solves the RHF equations for the system under onsideration
in a self-onsistent manner, using the iterative diagonalization proedure and
returns the anonial SCF orbitals, their eigenvalues, and the total energies.
The arrays whih are needed during the alulations are alloated before the
alulations begins, and are dealloated upon ompletion. Before the rst it-
eration, Hükel model Hamiltonian is diagonalized to obtain a set of starting
orbitals. Subsequently, the Fok matrix orresponding to those orbitals is on-
struted and diagonalized. The proess is repeated until the self-onsisteny is
ahieved. During the self-onsisteny iterations, subroutine DSPEVX from the
LAPACK/BLAS library is used to obtain the oupied eigenvalues and eigen-
vetors. Obtaining only the oupied eigenpairs, as against the entire spe-
trum, leads to onsiderable savings of CPU time for large systems. However,
if the entire spetrum of eigenvalues and eigenvetors is needed, say, to perform
optial absorption alulations or preparing the data for subsequent orrela-
tion alulations, the Fok matrix is diagonalized using the routine DSPEV
from the LAPACK/BLAS library, upon ompletion of the self-onsisteny iter-
ations. Beause the entire spetrum is obtained only one the self-onsisteny
has been ahieved, it does not strain the omputational resoures too muh.
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3.21 Subroutine SCF_UHF
This subroutine is exatly the same in its logi and struture as the previously
desribed SCF_RHF, exept that the task of this routine is to solve the UHF
equation for the system under onsideration. Dierent Fok matries for the
up- and the down-spin are onstruted and diagonalized in eah iteration, un-
til the self-onsisteny is ahieved. Similar to the ase of routine SCF_RHF,
during the iterations only the oupied eigenvalues and eigenvetors are om-
puted using the routine DSPEVX. The iterations are stopped one the total
UHF energy of the system onverges to within a user dened threshold.
3.22 Subroutine DENSITY
This subroutine onstruts the density matrix for the losed-shell systems,
assuming orbitals to be doubly oupied.
3.23 Subroutine DENSITY_UHF
This subroutine onstruts density matries needed for the UHF alulations.
It generates dierent density matries for the orbitals with up (α) and down
(β) spins, and in the end adds them to ompute the total density matrix.
3.24 Subroutine FOCKMAT
This subroutine onstruts the Fok matrix for the losed-shell system and
alulates the total SCF energy from the density matrix and the one- and
two-eletron integrals.
3.25 Subroutine FOCKMAT_UHF
This subroutine is analogous to the routine FOCKMAT, the only dierene
is that it onstruts the Fok matrix for the UHF alulations by omputing
separate Fok matries for up- and down-spins. Thereafter, it alulates the
total SCF energy from the density matries and the one- and two-eletron
integrals.
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3.26 Subroutine ORBDEN
This routine omputes the harge density of a given set of orbitals on user
speied sites. This helps in understanding as to how the harge is distributed
in an extended system and helps us to visualize that whether a given orbital
is loalized or deloalized. This analysis an be performed both on RHF and
UHF orbitals.
3.27 Subroutine WRITORB
The purpose of this subroutine is to write the onverged orbitals to the orbital
le in the ASCII format. In ase of RHF alulations, orbitals will be written
in 'ORB001.DAT' le, while in ase of UHF alulations, orbitals with up-
and down-spins will be written in the les 'ORBALPHA.DAT' and 'ORB-
BETA.DAT', respetively.
3.28 Subroutine SCI
This subroutine is the master routine for performing the single onguration
interations (SCI) alulations, using the Hartree Fok oupied and virtual
MOs. SCI is a simple approah whih aounts for the eletron-orrelation ef-
fets by inluding ongurations whih are singly-exited with respet to the
HF referene state, in the CI expansion[2℄. Beause of the Brillouin theorem,
whih forbids the mixing of the HF state with the singly-exited ongura-
tions, the ground state remains unhanged in a SCI alulation[2℄. However,
exited ongurations do mix with eah other leading to a reasonably good
desription of the exited states in this approah[2℄. In the present version of
ode, SCI method is implemented only for the ase of losed-shell systems, for
whih RHF alulations are performed prior to the SCI ones. To obtain the
CI eigenvalues, SCI matrix is diagonalized using the routine DSPEV from the
LAPACK/BLAS library.
3.29 Subroutine HAM_SCI
This routine onstruts the single-CI Hamiltonian matrix for the singlet sub-
spae. A losed-shell referene state is assumed. The Hamiltonian matrix ele-
ments between dierent sets of ongurations are omputed using the standard
Slater-Condon rules[2℄.
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3.30 Subroutine OPTICS
This is the master routine meant for omputing the optial absorption spe-
trum, whih an be obtained at the single partile level (TB or HF) as well
as at the SCI level. The range of frequenies over whih the spetrum is to be
omputed, along with the line width, are read from the input le. The alu-
lated spetrum is written in an output le alled 'spe001.dat', whih an be
plotted using xmgrae[34℄ or gnuplot[35℄. At present this routine is restrited
to the losed-shell systems.
3.31 Subroutine SPCTRM_A
This routine omputes the absorption spetrum from the ground state under
eletri-dipole approximation, assuming a Lorentzian line shape and a onstant
line width for all the levels. The omputed spetrum is written in an ASCII
le 'spe001.dat', whih an be readily used for plotting using programs suh
as xmgrae[34℄ or gnuplot[35℄.
3.32 Subroutine SPCTRM_1EX
This is an important subroutine whih alulates the linear optial absorption
of the system from a singly-exited state (as ompared to the ground state) for
one eletron TB or HF alulation. The formalism as well as the approah of
omputation is same as that in routine SPCTRM_A, and the output of this
routine is also written in the ASCII le 'spe001.dat'. Exited state absorption
spetra are useful in interpreting photo-indued absorption experimental data.
3.33 Subroutine DIPMAT
If optial absorption alulations are to be performed within the SCI approah,
one needs eletri dipole matrix elements between various singly exited on-
gurations. The task of this routine is to ompute these matrix elements so
that they an be used for alulating the optial absorption spetrum in the
routine SPCTRM_A.
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3.34 Subroutine NLO
This subroutine generates the input le to be used for the nonlinear opti-
al (NLO) suseptibility alulations at the single partile level. In order to
redue the size of dipole matrix elements, one an delete the outermost ou-
pied and virtual orbitals hoosing the ard 'ORBDEL'. The program deletes
the orbitals in the given range using a subroutine named 'delo_nlo', whih
will be desribed next. Output data of NLO alulations is written in le
'NLO001.DAT', whih inludes total number of orbitals, number of oupied
orbitals, energies of the oupied, as well as virtual states, and the dipole
moments. NLO option is also restrited to the RHF alulations only. This
data an be used to ompute NLO suseptibilities suh as two-photon absorp-
tion (TPA), third harmoni generation (THG), et., using the sum-over-states
(SOS) formalism of Orr and Ward[36℄.
3.35 Subroutine DELO_NLO
The task of this subroutine is to delete oupied and virtual orbitals from the
orbital array for the NLO alulations. This routine is alled by subroutine
NLO, if needed.
3.36 Subroutine DIPCAL
This routine omputes the dipole moment matrix between the single partile
orbitals under the Hükel approximation, aording to whih, among the AOs
only diagonal matrix elements are nonzero, and their values are nothing but
their Cartesian loations. This routine simply transforms the dipole matrix
elements from the AO representation to the MO one. This routine is alled
from the routine NLO and its aim is to supply dipole integrals needed for
subsequent SOS alulations of NLO suseptibilities mentioned above.
3.37 Subroutine CI_DRV
This is the driver routine whih ontrols the preparations of various data les
needed for the post-HF orrelated alulations, suh as FCI, QCI, MRSDCI,
et. The tasks of this routine inlude:
(1) Reading the orbitals
(2) Freezing and/or deleting orbitals if speied by the user in the input le
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(3) Creating the one-eletron eetive ore potential (ECP) orresponding
to the frozen set of orbitals, if needed
(4) Transforming the one- and two-eletron integrals from the site (AO) rep-
resentation to the basis spanned by these orbitals (MOs). They are writ-
ten to dierent les so that they an be read and used by a separate
post-HF orrelation program.
3.38 Subroutine ECP
This program alulates the eetive one-eletron frozen ore potential matrix
elements, and stores them in the array. Eventually, these matrix elements are
added to the other one-eletron part of the Hamiltonian before being written
out in the CI_DRV output les. The energy ontribution of the frozen orbitals
is stored in the variable eore.
3.39 Subroutine TWOIND
This routine performs the two-index transformation on one-eletron matrix
elements, so as to transform them from the AO to the MO representation
for the use in subsequent orrelation alulations. It is alled by the master
routine CI_DRV.
3.40 Subroutine WRITE_1
This routine writes all the nonzero one-eletron Hamiltonian matrix elements
expressed in the MO representation in a binary le alled 'ONEINT001.DAT'.
This routine is also alled by the master routine CI_DRV, and the output is
meant to be used in the post-HF orrelation alulations.
3.41 Subroutine FOURIND
This routine performs the four-index transformation on the two-eletron in-
tegrals so as to transform them from the AO to the MO represention. This
routine is also alled by the master routine CI_DRV.
19
3.42 Subroutine WRITE_2
This routine writes all the nonzero two-eletron Hamiltonian matrix elements
expressed in the MO representation in a binary le alled 'TWOINT001.DAT'.
This routine is also alled by the master routine CI_DRV, and the output is
meant to be used in the post-HF orrelation alulations.
3.43 Subroutine DIPINT
This routine transforms the dipole operator from the site (AO) representa-
tion into the representation of the orbitals (MOs). The routine is alled from
CI_DRV and it provides dipole matrix elements to be used for optial prop-
erties alulations in onjuntion with post-HF orrelated alulations. The
algorithm used in this routine is the one desribed in the routine DIPCAL.
3.44 Subroutine DIPOUT
The purpose of this routine is to write all the nonzero dipole matrix elements in
the binary le 'DIPINT001.DAT' to be used in onjuntion with the post-HF
orrelated alulations. This routine is also alled from CI_DRV.
4 Installation, input les, output les
We believe that the installation and exeution of the program, as well as prepa-
ration of suitable input les is fairly straightforward. Therefore, we will not
disuss these topis in detail here. Instead, we refer the reader to the README
le for details related to the installation and exeution of the program. Ad-
ditionally, the le 'manual.pdf' explains how to prepare a sample input le.
Several sample input and output les orresponding to various example runs
are also provided with the pakage.
5 Results and Disussions
In this setion, we present and disuss the numerial appliations of our ode.
First we present the results on the onvergene of total energy with respet
to the oligomer's length for various onjugated polymers suh as t-PA, PPP,
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PPV, and polyaene. We also provide our results for the UHF alulation on
graphene nanodisks. Next, we present our results for the tight binding band
struture alulations for PPP. Further, we disuss and ompare the linear
absorption optial spetrum of PPP omputed by dierent approahes suh
as TB, HF, and SCI. As mentioned in the above setions that the program an
perform alulations in the presene of nite eletri eld as well, whih makes
it apable of alulating eletro-absorption spetrum. For entro-symmetri
systems, the eletro-absorption spetrum allows one to explore both the even
and the odd parity exited states in a linear optial absorption proess. Results
and analysis of the eletro-absorption spetrum of an oligomer of PPP at the
SCI level are also presented.
5.1 Total Energy
Our ode an be used to study both the ground and the exited state properties
of oligomers of various polymers beause they are nothing but nite moleules,
ranging in size from small to large. However, in this setion we demonstrate
that our ode an also be used to obtain the ground state energy/ell, in the
bulk limit, for one-dimensional periodi systems suh as polymers.
The energy per unit ell of a one-dimensional periodi system an be obtained
using the formula
Ecell = lim
n→∞
∆En = lim
n→∞
(En+1 − En), (13)
where En+1/En represent the total energies of oligomers ontaining n + 1/n
unit ells. Thus, using this formula, for suiently large value of n, one an
obtain the energy/ell of a polymer in the bulk limit, from oligomer based
alulations. In what follows we show that value of Ecell onverges quite rapidly
with respet to n.
First we examine the onvergene of Ecell obtained using Eq. (13) with respet
to the number of unit ells n, using the RHF approah. The energy onvergene
threshold for the SCF alulations is set up to eighth deimal plae. In Fig. 1
we plot∆En as a funtion of n, for various polymers suh as t-PA, aene, PPP,
and PPV. From plots () and (d) in Fig. 1, it is evident that energy for PPP
and PPV onverges rapidly and onvergene is ahieved for short oligomer
length (67 units), while in t-PA and aene (Fig. 1(a) and (b), respetively),
the onvergene is ahieved for larger value of n.
The above mentioned alulations an also be performed using the UHF ap-
proah. However, it is more meaningful to use this approah for systems with
open-shell ongurations, suh as trigonal zigzag graphene-nanodisks. Thus,
UHF alulations an be used to asertain whether or not a high-spin state is
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Figure 1. Convergene in △En with respet to the oligomer length (n) of various
systems: (a) t-PA, (b) polyaene, () PPP, and (d) PPV. Inset of eah graph shows
the zoomed plot, in the energy window of 10
−7
 10
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eV.
Figure 2. Shemati diagram of the trigonal zigzag graphene nanodisk with six ben-
zene rings (22 sites) onsidered in this work.
the ground state. For example, we found that the ground state of a trigonal
zigzag graphene-nanodisk with six benzene rings (f. Fig. 2) is a triplet one
(see Table 1).
5.2 Band Struture
Our ode an be used to perform band struture alulations using the nearest-
neighbor TB model. In Fig. 3, we present band struture of PPP. It possesses
six bands out of whih two are loalized (labeled as 'l', 'l∗'), while four are
22
Table 1
Results of UHF total energy alulations on a trigonal zigzag graphene nanodisk
with six benzene rings (f. Fig. 2) for various ombinations of majority (nα) and
minority (nβ) spins. Our results indiate that the triplet state being signiantly
lower in the total energy than the singlet state, is the true ground state.
nα nβ E (eV)
11 11 -49.840415300708
12 10 -51.858572334959
13 9 -48.083423107736
14 8 -43.974251795664
-1 -0.5 0 0.5 1
k (pi/a)
-6
-4
-2
0
2
4
6
ε k
 
(eV
) d1
*
d1
l
l*
d2
d2
*
2.16 eV
Figure 3. Band struture of PPP, omputed using Hükel model Hamiltonian. Dis-
persion less at bands denote the loalized levels (l/l∗), while the other bands rep-
resent the deloalized ones.
deloalized (labeled as 'd1/d2', 'd
∗
1/d
∗
2'). As is obvious from the Fig. 3, the
band struture has a diret band gap, Eg = 2.16 eV at the Γ-point. Our
alulated band struture is fully onsistent with that reported by Heeger and
o-workers[37℄.
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5.3 Linear optial absorption spetrum
In order to understand the optial properties of onjugated polymers, it is
essential to study their low-lying exited states. The linear optial absorp-
tion spetrum, whih is all about one-photon absorption, provides an eient
medium to explore the odd-parity low-lying states in entro-symmetri sys-
tems. In an independent partile model it an be explained in terms of exita-
tions from ground state, by promoting one eletron from one of the oupied
MO (valene band states) to one of the unoupied MO (ondution band
states). While, in a orrelated eletron approah, suh as the P-P-P model,
this one-eletron piture does not hold, and the exited states are linear om-
bination of several ongurations obtained by performing CI alulations.
Our ode an be used to ompute linear optial absorption spetrum of π-
onjugated materials using the Hükel model (TB approah), as well as P-P-P
model Hamiltonians employing both the HF and the SCI approahes.
In Fig. 4 we present the linear optial absorption spetrum of planar PPP with
eight repeat units (PPP-8) using TB, HF, and SCI approahes. The spetrum
was alulated using the arbon-arbon bond length (within a phenyl ring)
to be 1.4 Å, while the inter-ring single bond length was taken to be 1.54 Å.
The standard value of -2.4 eV was used for the intra-benzene hopping, while
for the inter-ring single bond we used the value -2.23 eV. The HF and the
SCI alulations were performed using the standard parameters in the P-P-P
Hamiltonian. All the three graphs depited in Fig. 4 are qualitatively quite
similar, with the rst two features, and the most intense feature, orresponding
to the x-polarized transition. The spetrum drawn at the HF level using P-P-P
model is blue shifted as ompared to the Hükel model spetrum, whih is due
to the well known tendeny of the HF approah to over estimate the band gaps.
However, inlusion of orrelation eets at the SCI level brings the spetrum
bak to lower energy range. The loation of the lowest peak orresponds to the
optial gap, whih is found to be around 3.5 eV, in exellent agreement with
the reported rst-priniples alulations[38℄, and also in good agreement with
the experimental value (≈3 eV) for the innite polymer[39℄. A higher level CI
alulations like FCI, QCI, and MRSDCI an also be performed using, e.g.,
the MELDF ode[40℄ beyond HF. The input for these higher CI alulations
an be prepared using CIPREP option in the input le.
On analyzing the wave funtions of the exited states ontributing to the
spetra, we nd that rst peak in TB and HF spetra is due to transition
from the highest oupied moleular orbital (HOMO) to the lowest unoupied
moleular orbital (LUMO), i.e., H → L. In the spetrum obtained using SCI
approah, for peak I (see Fig. 4), the major ontribution omes from H → L
onguration, while the ontributions due to H − 1→ L+ 1, H − 2→ L+ 2,
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Figure 4. Linear optial absorption spetrum of planar PPP-8, omputed using the
Hükel as well as P-P-P models, both at the HF and the SCI levels. Various peaks
and their polarizations are labeled. The spetra are plotted using the line width of
0.1 eV.
H − 3→ L+ 3, and H − 12→ L+ 12 are also signiant.
Our ode is also apable of examining the role of Coulomb parameters used in
the PPP Hamiltonian by not only onsidering standard and sreened set of
parameters dened earlier (f. Se. 2), but also any user dened set of Coulomb
parameters, whih may be material spei. Fig. 5 depits the linear absorp-
tion spetra omputed using standard parameters (dashed line) and sreened
parameters (solid line), for planar geometry of PPP-8 at SCI level. Both the
spetra are qualitatively similar, while quantitatively, spetrum omputed us-
ing sreened parameters is red shifted as ompared to the standard parameter
spetrum. We note that the value 3.27 eV of the optial gap obtained using
the sreened parameters is in better agreement with the experimental value
(≈ 3eV) for the innite system[39℄.
5.4 Eletro-absorption spetrum
As mentioned earlier our ode an also solve the HF equations in the pres-
ene of a nite eletri eld. This allows us, in priniple, to use it for om-
puting quantities suh as the stati dieletri polarizabilities and the eletro-
absorption (EA) spetra of various onjugated systems. For example, the rst-
order polarizability is determined as the seond derivative of the total energy
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Figure 5. Linear optial absorption spetrum of PPP-8 omputed using the standard
(dashed line) as well as the sreened (solid line) set of Coulomb parameters in the
P-P-P model, using the SCI approah. The spetra are plotted using the line width
of 0.1 eV.
per unit ell (Etotal) with respet to the strength of the external eletri eld E.
The seond derivative of Etotal an be alulated employing nite dierene
formulas, using Etotal with, and without, the eletri eld. However, in this
work we are onentrating on another possible appliation of the nite-eld
approah, namely the eletro-absorption spetrum.
The eletro-absorption spetrum is an important experimental probe for var-
ious materials whih, through linear optial absorption allows, one to probe
both even, as well as odd parity states for entro-symmetri systems. The note-
worthy point is that without eletro-absorption normally one will have to use
both linear absorption as well as nonlinear absorption to investigate states of
both parities. Using our program one an easily make theoretial predition of
this quantity using its denition: ∆α(ω,E) = α(ω,E)−α(ω, 0), where α(ω,E)
is the optial absorption spetrum in the presene of the external eletri eld
E. In order to ompute it, the HF equations are solved in the presene of the
eld E (f. Eq. 6) leading to a modied set of orbitals and their eigenvalues,
as ompared to the zero-eld (E = 0) ase. This orbital set an subsequently
be used to ompute: (a) optial absorption at the HF level, or (b) optial
absorption at any level of orrelation. Then by using the above mentioned
denition of ∆α(ω,E) one an ompute the orresponding EA spetrum. In
this work we present the results of the EA spetrum of PPP-8, omputed at
the SCI level using our program. The EA spetra are usually interpreted in
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Figure 6. Left panel: (a) The linear absorption spetrum planar moleule of PPP-8,
omputed in the presene of nite eletri eld, using standard parameters in the
P-P-P Hamiltonian with the SCI approah. (b) Eletro-absorption spetrum (solid
line) and the rst derivative of linear absorption with respet to the photon energy
E (dashed line) for the same system. Right panel: The two photon absorption (TPA)
spetrum of PPP-8, omputed at SCI level, using the MELDF program[40℄. In all the
gures above, E represents the photon energy. The mAg state in the TPA spetrum
orresponds to the enirled feature in the EA spetrum, as is also lear by the peak
positions.
terms of Stark shift analysis and it roughly follows the rst derivative of linear
absorption, alulated in the presene of the eletri eld, with respet to the
photon energy.
Fig. 6 (a) shows the linear absorption spetrum omputed in the presene of
nite eletri eld, using the standard parameters in the P-P-P Hamiltonian
with the SCI approah. As expeted, the most intense features in the EA
spetrum appears when the eld is applied along the onjugation diretion
whih happens to be the x-axis in the present ase. In these alulations
the eletri eld strength was taken to be 10−3 V/Å, whih is of the same
order of magnitude used in various experiments[41℄. Fig. 6 (b) depits the EA
spetrum together with the rst derivative of linear absorption with respet
to the photon energy E. We note that the EA spetrum resembles the rst
derivative of linear absorption spetrum, roughly. The rst absorption peak
in linear absorption spetrum ours at 3.56 eV, following the other features
at 4.21 eV, 5.8 eV, and 6.27 eV [see Fig. 6 (a)℄. In EA spetrum, the rst
peak appears at 3.51 eV, whih is similar to dα/dE spetrum [dashed urve in
Fig. 6 (b)℄. We therefore assign this feature to a Stark shift of the lowest odd
parity (1Bu) exiton. There is also a feature at 6.09 eV [irled in Fig. 6 (b)℄,
whih annot be found by a derivative analysis of the absorption spetrum,
and must therefore be due to an even parity (mAg) exiton. To verify this,
we also alulated two photon absorption (TPA) spetrum using the MELDF
ode[40℄ at the SCI level. The right panel of Fig. 6 shows our alulated TPA
spetrum for PPP-8. The spetrum features an intense peak loated at 3.04
eV, whih exhibits strong dipole oupling with the lowest one-photon 1Bu
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state, and therefore is the mAg state[42℄, loated at 6.08 eV. Thus, our result
for mAg state obtained from the EA spetrum is in exellent agreement with
that from the TPA.
6 Conlusions and Future Diretions
In this paper we have desribed our Fortran 90 program whih solves the
HF equations for both the losed- and open-shell moleular systems using the
semi-empirial Hükel and PPP models. To demonstrate the features of our
ode, we presented results of numerous test alulations on various moleular
systems. The reason behind developing the present program is twofold: (a) to
develop a ode in a modern language suh as Fortran 90 whih an arry out
dynami array alloation, and thus, free the user from speifying and hanging
array sizes, and (b) to provide an open software whih will be widely available
to users whih they an use and modify as per their needs. One possible
generalization of this ode will be to inlude the apabilities for alulations on
innite systems in one- and higher dimensions to alulate the band struture
and related properties using the P-P-P model. Work along those diretions
is ontinuing in our group, and results will be published as and when they
beome available.
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